CHAPTER 6
Phylogeography of chestnut-backed chickadees in western North America Theresa M. Burg
Introduction
North American chickadees and titmice are believed to be descendents of Eurasian lineages that crossed the Bering land bridge in the late Pliocene 3.5 to 4 million years ago (Gill et al. 2005 ; see also Chapters 1 and 2). The North American chickadees are divided into two groups based on phenotypic differences (references in Gill et al. 1989) . The black-capped group contains four species: black-capped, Carolina, Mexican, and mountain chickadees. As their name suggests, these have a black-cap and morphologically they are most similar to the Eurasian species in the Poecile clade, particularly the willow tit. The browncapped group contains three species: boreal, chestnut-backed chickadees, and the Siberian tit. In North America, Siberian tits are only found in the northwestern Arctic and are considered by some to be a distinct subspecies (gray-headed chickadee, Sibley 2000) . Birds of the brown-capped group have brownish head feathers and a rusty colored back. Several studies attempted to determine the phylogenetic relationship of Parids (Gill et al. 1989; 1993; . Gill et al. (1989) using allozymes tentatively concluded that the brown-capped and blackcapped groups were more similar to each other than to any of the Eurasian lineages, and chestnutbacked and boreal chickadees were closely related as were Mexican and mountain chickadees. A chromosomal rearrangement found in both Mexican and mountain chickadees adds support to the allozyme data (unpublished data cited in Gill et al. 1989) . The two subsequent phylogenies employed mitochondrial DNA (mtDNA) (Gill et al. 1993 (Gill et al. , 2005 -phylogeny reprinted earlier in this book, see Fig. 2 .1). The mtDNA restriction data placed the Mexican chickadee within the brown-capped group while phylogenies using mtDNA sequence data showed the three brown-capped species as a monophyletic clade nested within the black-capped clade. Based on standard mtDNA divergence rates of 2%/MY (million years), it appears that speciation in the North American chickadees occurred during the late Pliocene or early Pleistocene (Gill et al. 1993 (Gill et al. , 2005 . While any such dates are approximate, and debated, the timing corresponds with Pleistocene divergence of other avian taxa, especially boreal species (e.g. Johnson and Cicero 2004; Weir and Schluter 2004; Lovette 2005) .
The Pleistocene glaciations were influential in shaping the population structure of many species, particularly those now inhabiting temperate and polar regions. Most of Canada and parts of the northern United States were covered under thick sheets of ice (Pielou 1991) . Three main ice sheets were present during the Pleistocene: Cordilleran (west of Rocky Mountains), Innuitian (Arctic) and Laurentide (east of Rocky Mountains: Pielou 1991; Dyke et al. 2002) . The glaciers expanded and contracted during the alternating cold glacial and warm interglacial periods creating a dynamic environment for species living at the edges of the glaciers. Populations became fragmented and subsequently accrued genetic differences. As the glaciers retreated, some of these allopatric populations merged, while others remained separated.
This chapter focuses on factors influencing the contemporary patterns of population structure in chestnut-backed chickadees including historical range expansion, geographic distribution and discuss potential barriers to dispersal. I then compare the patterns found in this western North American species to other North American and Eurasian Parids. Grinnell (1904) hypothesized that the chestnutbacked chickadee diverged from the boreal chickadee in the arid interior of Alaska from a "pre-hudsonicus" ancestor. Chestnut-backed chickadees colonized the more humid, coastal regions of Alaska and British Columbia expanding south along the coast to California. Boreal chickadees are found throughout most of Canada, but are rarely found along the Pacific Coast. The coastal mountain ranges in British Columbia and Alaska form the western and eastern range limits of the boreal and coastal chestnut-backed chickadees, respectively. In south-eastern British Columbia, the range of the interior chestnut-backed chickadee (Fig. 6 .1) overlaps with that of the boreal chickadee. Genetic studies by Gill et al. (1993 Gill et al. ( , 2005 and Weir and Schluter (2004) support the hypothesis that chestnut-backed and boreal chickadees are sister species having diverged in the early Pleistocene (~1.8 MYA). Given the contemporary distribution of these two species, it is possible that chestnutbacked chickadees originated in the north and spread southward (Grinnell 1904) .
Chestnut-backed chickadees

Origin
Biogeography
The chestnut-backed chickadee is a year-round resident of mature coniferous forests on the west coast of North America. Chestnut-backed chickadees are the only Parid found on the larger coastal islands off the British Columbia coast. On the mainland, their distribution overlaps with black-capped and mountain chickadees; however, it appears that they do not directly compete for resources due to niche partitioning (Smith 1967; Sturman 1968; Brennan et al. 1999 Brennan et al. , 2000 . The chestnut-backed chickadee forages in the canopy of conifers while the black-capped chickadee forages in deciduous trees (Campbell et al. 1997) . In California, where the chestnut-backed chickadee recently expanded its range into that of the mountain chickadee, the
MtR OR Figure 6 .1 Distribution of chestnut-backed chickadees in western North America. Species range is indicated by dashed lines. Sampling sites include coastal, mainland Alaska (cAK, n ϭ 44), Alexander Archipelago (AA, n ϭ 9), Queen Charlotte Islands (QCI, n ϭ 43), northern British Columbia (NBC, n ϭ 38), Vancouver Island (VI, n ϭ 40), North Cascades Park (NCP, n ϭ 21), Mount Rainier (MtR, n ϭ 16), Oregon (OR, n ϭ 8) and south-eastern British Columbia (SEBC, n ϭ 30). The star represents 1904 Coeur d'Alene, ID population (Grinnell 1904) . Solid lines separate genetically distinct populations as determined by differences in allele frequency distributions (see Table 6 .1).
chestnut-backed chickadees nest in denser forests and forage on Douglas fir (Pseudotsuga menziesii) and black oak (Quercus kelloggii) while mountain chickadees nest in more open sites and forage on Ponderosa (Pinus ponderosa) and sugar pine (P. lambertiana) and white fir (Abies concolor) (Brennan et al. 1999 (Brennan et al. , 2000 . Chestnut-backed chickadees are found in cedar-hemlock forests in the Pacific Northwest and nest in cavities of old trees, with breeding pairs defending relatively large territories (Carey et al. 1991) . However, during the winter months chestnut-backed chickadees can be seen in mixed species flocks with red-breasted nuthatches (Sitta canadensis), bushtits (Psaltriparus minimus), kinglets (Regulus spp.), brown creepers (Certhia americana), and other species of chickadee, such as boreal, black-capped, or mountain, depending on the region (Campbell et al. 1997) .
Three subspecies of chestnut-backed chickadee occur in western North America: P. r. rufescens (Alaska to central California), P. r. neglectus (Point Arena to San Francisco Bay, California) and P. r. barlowi (San Francisco to Monterey, California) (Dahlsten et al. 2002) . The distribution of this species follows closely that of the mesic temperate forests (cedar-hemlock), inhabiting a narrow band, less than 200 km wide, along the Pacific Coast from California north to Alaska, with a disjunct population in the western Rocky Mountains of the Pacific Northwest ( Fig. 6.1 ). Both coastal and interior populations appear to have experienced range expansions in the last 100 years (Grinnell 1904; Dahlsten et al. 2002) . In the last 55 years, the coastal population has undergone a rapid range expansion into the Sierra Nevada Mountains of central California (Brennan and Morrison 1991) . A narrow, inland strip of forest, more than 500 km, was colonized in less than 50 years, demonstrating the ability of chestnut-backed chickadees to rapidly colonize new habitat (Fig. 6.1 ). It is hypothesized that the expansion corresponded to forest regeneration following widespread logging. The forests now contain a large amount of Douglas fir, a key component of the chestnut-backed chickadee habitat, and the current distribution of the chestnut-backed chickadee in the Sierra Nevada Mountains corresponds almost exactly to that of the Douglas fir (Brennan and Morrison 1991) . A second range expansion may have occurred in the interior, mainly in Idaho and south-eastern BC. Descriptions of the interior populations are limited; Grinnell (1904) found two sites near Coeur d'Alene, ID (Fig. 6.1) , however, the current distribution is much larger (approx. 200 km 2 : Grinnell 1904; Dahlsten et al. 2002) . Other surveys in the early 1900s reported an abundance of chestnut-backed chickadees west of the Cascades, but very few sightings east of the Cascades (Bowles 1909; Brooks and Swarth 1925) .
The limited amount of information available regarding individual movements of chestnutbacked chickadees suggests that short distance dispersal does occur. Banding data show that of the 97 recoveries made from 1929 to 2003, all but five birds were recovered at the location where they were banded (Bird Banding Lab). The five birds that were recovered away from their original banding site had moved 12 to 56 km. All of these movements took place between the breeding and non-breeding seasons or during the fall, when limited movement is known to occur, however no evidence of dispersal during the breeding season has been found (Campbell et al. 1997). 6.3 Patterns of contemporary population structure
Chestnut-backed chickadee
Microsatellite analyses revealed the presence of four genetically distinct populations of chestnutbacked chickadees in western North America: Queen Charlotte Islands, south-eastern British Columbia, mainland Alaska, and a large coastal group (Box 6.1; Fig. 6 .1). The levels of genetic differentiation among the four groups are low, but significant (Table 6 .1). Individuals from each of the four groups showed higher affinity to other individuals in the same group than to individuals from other groups ( Fig. 6.2) . The Queen Charlotte Island and central Alaska populations are distinct, and they appear as each other's closest genetic neighbors in factorial correspondence analysis (FCA, Fig. 6 .2) and analyses of allele frequency distribution (Burg et al. 2006) . The Oregon population shows significant differences from Alaska,
Box 6.1 Samples and genotyping
The sampling area covers the majority of the contemporary range of chestnut-backed chickadee P. rufescens, including the disjunct population in the western Rocky Mountains. A total of 249 samples were collected from nine populations in Alaska, British Columbia, Washington, and Oregon ( Fig. 6.1 ). The populations sampled in Washington and Oregon are from areas believed to have been unglaciated during the Pleistocene. Blood samples were collected from 223 individuals during the summer of 2002 and 2003. Birds were caught using mist nets, and blood was taken from the brachial vein, dried on filter paper and stored in individual plastic bags. Twenty six samples (Alaska, n ϭ 6; Alexander Archipelago, n ϭ 9; Oregon, n ϭ 1; and Queen Charlotte Islands, n ϭ 10) were obtained from the University of Alaska Museum.
DNA was extracted using standard proteinase K/phenol chloroform extraction followed by ethanol precipitation (Sambrook et al. 1989) . Seven microsatellite primer pairs isolated from other passerine species were used for genotyping (for details on primers and PCR amplification see Burg et al. in press ). Alleles were scored using GeneImagIR (Scanalytics) and sizing was confirmed by visual inspection.
Statistical analyses
Tests for departures from Hardy-Weinberg equilibrium (HWE) and for linkage disequilibrium were examined using exact tests (Guo and Thompson 1992) as implemented in GENEPOP v3.3 (Raymond and Rousset 1995b) and sequential Bonferroni corrections for multiple tests were applied (Rice 1989) . As estimates of allelic diversity can be biased due to unequal samples sizes, allelic richness was estimated using FSTAT v2.9.3.2 (Goudet et al. 2001) .
Of the standard statistical methods for testing population differentiation, allelic goodness of fit tests are the most powerful for detecting population structure when sample sizes are unequal (Goudet, 1996) . TFPGA v1.3 was used to test for differences in allele frequencies among populations (1000 dememorization steps, 20 batches, and 20 000 permutations/batch, Miller 1997). TFPGA uses a Markov chain Monte Carlo (McMC) approximation of Fisher's exact test (Raymond and Rousset 1995a) and significance values are combined across all loci (Fisher 1954) .
Relative measures of differentiation can be difficult to compare directly (Hedrick 1999) . The genotype likelihood ratio distance (D LR , Paetkau et al. 1997 ) is well suited to studying fine-scale population structure and has lower variance than other distance measures (Paetkau et al. 1997) . D LR is the likelihood of a genotype from one population being identical to a genotype in another population. When D LR ϭ 1, the genotypes of individuals from the two populations being compared are one order of magnitude more likely to occur in the individuals' own population than in the other population (Paetkau et al. 1997) . D LR was calculated in Doh (http://biodb.biology. ualberta.ca/jbrzusto).
A factorial correspondence analysis (FCA) was performed to aid in visualization of the patterns of genetic structure using GENETIX 4.02 (Belkhir et al. 2000) . FCA uses individual genotypic data to quantify the amount of inertia among populations. The global inertia is proportionally weighted relative to sample size and the total number of alleles present in each sample. The 'centre of gravity' or combined distribution of all individuals in each population was plotted in three-dimensional space.
Tests for isolation by distance allow us to evaluate the relative historical roles of gene flow and drift on population structure by comparing expected pairwise genetic and geographic distances with those expected under a steppingstone model of population structure (Hutchison and Templeton 1999) . They also allow us to determine if gene flow is affected by geographic distance. IBD tests were performed in TFPGA v1.3 (Miller 1997 ) and significance was determined using 999 permutations. Geographic distances to the south-eastern British Columbia population were calculated as the shortest distance through mesic forest habitat.
Queen Charlotte Islands, and North Cascades Park populations, but not the population in southeastern British Columbia. The allelic variation is similar throughout the range, but the number of private alleles (i.e. alleles found only in one population) is not ( Fig. 6.3 ). The proportion of private alleles is not significantly heterogeneous (G corr ϭ 13.2, P ϭ 0.11); however, the proportion of private alleles is significantly correlated with latitude (P ϭ 0.05).
Interior and coastal populations
The interior population in south-eastern British Columbia and Idaho is most likely of relatively recent, postglacial origin as surveys in the early 20th century did not detect extensive chestnut-backed chickadee populations east of the Cascades (Grinnell 1904; Bowles 1909; Brooks and Swarth 1925) . Chestnut-backed chickadees are easily detected during auditory surveys; therefore it seems unlikely that all three surveys would have failed to find chickadees if they were indeed present. The 300 km of arid land presently separating the coastal and interior populations appears to be limiting dispersal between these two groups. Similar patterns (i.e. coastal and interior populations) are found in other mesic temperate forest species with similar ecological requirements and distributions as the chestnut-backed chickadee, including plants, salamanders, frogs, and voles (reviewed in Brunsfeld et al. 2001) . Genetic data show that some of these populations are the result of ancient vicariance events (large genetic divergence between interior and coastal lineages), while others result from postglacial, inland dispersal from the coast (little or no genetic differences between lineages). Genetic data and historical records suggest that the interior chestnut-backed chickadee population is the result of inland dispersal from the coast (Burg et al. 2006) . If the interior population was due to ancient vicariance, a large number of unique alleles should have arisen through mutation and the FCA (Fig. 6 .2) would not position the interior group amongst the coastal populations. The south-eastern British Columbia population shows some affinity to the Oregon population ( Fig. 6.2 ). This grouping may be an artifact of a small number of samples from Oregon or it could reflect genetic similarity between these two populations. If it is the latter, then the interior population may have been founded by birds from Oregon via dispersal around the southern edge of the Columbia Basin. Further genetic analysis, including additional samples from Oregon and samples from California, are required to determine the colonization route and the source of the interior population.
Central, coastal Alaska
The pattern of genetic differentiation at the northern end of the range is interesting. Chestnut-backed chickadees are found as far north as the Kenai Peninsula ( Fig. 6.1) 
Queen Charlotte Islands
Glaciation on the Queen Charlotte Islands, a large archipelago in northern British Columbia (Fig. 6.1 ), ended earlier than on the adjacent mainland (Pielou 1991; Mann and Hamilton 1995) . Paleoecological evidence suggests that areas of Hecate Strait, which separates these islands from the mainland, were exposed during parts of the Pleistocene (Lacourse et al. 2003) . In addition, at the end of the Wisconsin glaciation ~10 kya, while most of British Columbia was under thick sheets of ice, the Queen Charlotte Islands were ice free and available for colonization. During this time, parts of coastal mainland British Columbia were also ice free and sea levels were relatively low. Patterns of genetic structure in other Parid species indicate limited dispersal across large expanses of water (Gill et al. 1993; Kvist et al. 2005) . The reduced sea levels would have effectively decreased the width of Hecate Strait, thereby reducing the distance required for chickadees to traverse over water from the mainland. As the sea level rose, it effectively isolated chestnut-backed chickadees on the Queen Charlotte Islands. Several other resident passerine species on the Queen Charlotte Islands also show evidence of genetic isolation including Steller's jay (Cyanocitta stelleri), pine grosbeak (Pinicola enucleator), and hairy woodpecker (Picoides villosus) (Burg et al. 2005 ; K. Winker personal communication). These species appear to have diverged from mainland populations during the Pleistocene glaciations and limited postglacial dispersal has occurred. Although it is possible that chestnut-backed chickadees survived in the Hecate refugium on the east coast of the Queen Charlotte Islands, it is also possible that they colonized this archipelago after the glaciers melted on the islands.
Private alleles
Private alleles are present in each of the nine populations and the proportion of private alleles decreases from north to south (r 2 ϭ 45.61, P ϭ 0.05). Private alleles are often present in populations though the ability to detect and accurately identify them is dependent on sample sizes. When high levels of genetic variation are present and only a small number of samples are analyzed, some alleles may be incorrectly classified as private alleles. With the exception of two populations (Alexander Archipelago and Oregon), sample sizes of chestnutbacked chickadees were adequate to obtain realistic allele profiles (plotting the number of alleles detected against number of samples showed that the number of alleles present reached an asymptote). Therefore, the relatively large number of private alleles in the northern British Columbia and central Alaska sites are unlikely to be the result of a sampling artifact. Three alternative possibilities exist to explain the pattern of private alleles, particularly in the northern part of the range: multiple refugia, unsampled source population, and introgression (introduction of genes from one population into a second).
Populations that are isolated for prolonged periods of time may contain different alleles due to mutation and genetic drift. Such isolation could have occurred in populations originating from multiple refugia (Fig. 6.4a, b, and e) . If the populations containing a large number of private alleles (i.e. northern British Columbia and Alaska) did indeed arise from distinct, northern refugial populations, either directly or indirectly, then these populations may also show higher levels of genetic divergence from other populations. There is some speculation regarding the existence of coastal and/or northern refugia near these locations (e.g. Byun et al. 1997; Soltis et al. 1997; Ritland et al. 2000; Ritland et al. 2001) . Ritland et al. (2001) found a divergent lineage of yellow cedar, an important component of the cedar-hemlock ecosystem, in northern British Columbia and postulated that it may have originated in a northern refugium. It is plausible that if such a refugium was present, that chestnut-backed chickadees may have been present. Environmental conditions in such a refugium would be similar to those present in the northern part of the chickadee's range.
The large number of private alleles may be the result of insufficient samples, not in terms of the number of individuals sampled but the number of populations sampled. No populations in southern Oregon or California were sampled. Given the genetic homogeneity of the southern coastal populations, samples from Washington and northern Oregon are likely representative of populations further south. However, the tendency of peripheral isolation in the chestnut-backed chickadee suggests that the California P. r. rufescens populations might also have private alleles.
Lastly, the large number of northern private alleles could be the result of hybridization between chestnut-backed and boreal chickadees (Fig. 6.4d) . Hybridization is known to occur in other passerines in the same area as the chestnut-backed chickadee, namely hermit and Townsend's warblers (Rohwer et al. 2001) . Many of the hybrids of these two warbler species are phenotypically indistinguishable from "pure" Townsend's warblers. In fact, most of the Townsend's warbler populations in British Columbia and Alaska, where no hermit warblers are found, have hermit warbler mtDNA. Rohwer et al. (2001) hypothesized that the distribution of Townsend's and hermit warblers 8000 years ago was quite different from today. Almost immediately following the retreat of the ice sheets, the hermit warblers expanded northward along the coast and to the west of the Coast and Cascade Mountains, a pattern identical to the coastal distribution of chestnut-backed chickadees described by Grinnell (1904) . Townsend's warblers were present in the Rocky Mountains from Idaho to Colorado. As the boreal forests invaded the deglaciated regions of central British Columbia (Pielou 1991) , the Townsend's warbler population expanded northwards and came into contact with hermit warblers near the Skeena River Valley along the northern British Columbia coast (Rohwer et al. 2001) . Like chestnut-backed chickadees, both of these warbler species depend on Douglas fir. In addition, it is believed that like the boreal and chestnut-backed chickadees, the Townsend's and hermit warblers were isolated in interior and coastal refugia, respectively (Grinnell 1904; Rohwer et al. 2001) . Therefore like the two warbler species, it is possible that boreal chickadees were present in the northern part of the contemporary chestnutbacked chickadee range and as chestnut-backed chickadees expanded northward, they hybridized with boreal chickadees and eventually displaced the boreal chickadee from the coast. The two chestnut-backed chickadee populations with the highest number of private alleles are in areas where the ranges of chestnut-backed and boreal chickadees come into contact. While the hypothesized hybridization could be confirmed by genetic analysis with a non-recombining genetic marker, such as mtDNA, hybridization in Paridae is not uncommon (black-capped and Carolina chickadees, Chapter 7; gray-headed chickadee and willow tit, Gill et al. 2005; Curry 2005 ).
R E P R O D U C T I V E E C O L O G Y, E V O L U T I O N, A N D B E H AV I O R
Recolonization patterns
Sixteen thousand years ago most of the chestnutbacked chickadee current range was heavily glaciated. One of the largest refugia was found on the now submerged continental shelf in Hecate Strait off the east coast of the Queen Charlotte Islands. Paleoecological data show that vegetation was present in the Hecate refugium (Lacourse et al. 2003) . At the end of the Wisconsin glaciation, ice sheets retreated asynchronously along the Pacific Coast. The Queen Charlotte Islands were ice free 16 kya, while the mainland coast was not ice free until 13 kya (Mann and Hamilton 1995) . In southern British Columbia, glaciers were present only at higher elevations 10 kya (Mann and Hamilton 1995; Clague and James 2002) .
Trees colonized the deglaciated landscape in stages. The main tree species found in chestnutbacked chickadee habitat are late successional species and were one of the last to colonize the north. Based on paleoecological data, fir, hemlock, and cedar advanced northwards arriving at different times along that coast. Douglas fir arrived first; favoring the warmer, drier conditions present during the hypsithermal (10-6 kya in south-western British Columbia and either 5-2 kya or 9-6 kya in Alaska; Mann and Hamilton 1995) . Hemlock colonized deglaciated areas during the cooler and wetter conditions that followed the hypsithermal. Western cedar was not present until 6 to 4 kya (Mann and Hamilton 1995) . Long distance dispersal increased the rate of reforestation. The presence of coastal or northern refugia would have further increased the colonization rate of these arboreal species. The limited genetic data available for these species support the presence of multiple refugia along the coast of British Columbia and Alaska (Ritland et al. 2001) .
Once suitable habitat was available, recolonization could occur through gradual range expansion, leap-frog, or long distance dispersal. A recent study by Pruett and Winker (2005) provides an excellent example of linear recolonization from a southern refugium. The Pacific coast of northern British Columbia and Alaska were sequentially colonized by song sparrows (Melospiza melodia) with populations experiencing gradual loss of genetic diversity as colonization progressed northwards.
The contemporary population structure in the chestnut-backed chickadee (Figs 6.1 and 6.2) suggests that recolonization was likely complex. When inferring colonization patterns, relative genetic distances, distribution of alleles, and contemporary population structure are important. Small genetic distances result from individual dispersal or population expansion. Similarly, the absence of private alleles generally indicates dispersal while a large number of private alleles can indicate prolonged isolation. Dispersal, even as few as one or two migrants per generation, results in genetically homogeneous populations (Wang 2004) . The presence of four genetically distinct groups of chestnutbacked chickadees suggests little or no dispersal among these groups and that recolonization was not simply a linear progression along the coast as seen in song sparrows (Pruett and Winker 2005) . Several recolonization scenarios are possible: colonization from a single southern refugium, colonization from a single northern refugium, and/or colonization from multiple refugia (Fig. 6.4) .
The extensive glaciation in the north and large ice-free areas in the south would make postglacial colonization from a single southern refugium the most plausible scenario. Many of the alleles in the southern populations are present in the north, as would be predicted based on a northern expansion from Washington or Oregon. The main problem with this scenario is the large number of private alleles in the two northern populations (Fig. 6.3) . It is unlikely that two of the populations furthest from a putative southern refugium would contain alleles that are absent in the founding populations unless colonization followed a leap-frog pattern (Fig. 6.4c ) and source populations for both Alaska and northern British Columbia populations were not sampled (e.g. southern Oregon or California).
Colonization from a single northern refugium is also possible. This would explain the significant decrease in the number of private alleles with decreasing latitude (P ϭ 0.05); however, this scenario requires that the northern refugium supported large populations as the high levels of genetic variation would require a relatively large population size. Given the high population differentiation present in the north and absence of population structure in southern coastal populations, it seems unlikely that all of the populations could have descended from individuals originating in the north.
The final colonization scenario, colonization from multiple refugia in the north and south (Fig. 6.4e) , is the most complex of the three scenarios. In this scenario the population in the southern refugium (e.g. Washington) expanded northwards following the advancing forests while dispersal from one or more northern refugia was limited. This scenario would explain both the large number of private alleles and the pattern of population genetic structure. Limited emigration from northern refugia means that any alleles present in these areas would remain there, thus explaining the higher number of private alleles in the north. The absence of genetic differentiation in the southern coastal populations is the result of dispersal from a southern refugium. According to the pioneer model of colonization, populations established ahead of the leading front, either by long distance dispersal or existing refugia, create high density barriers restricting migration into previously colonized areas. The resulting genetic pattern is a mosaic of isolated populations embedded within a larger group of homogeneous populations (Hewitt 1996; Ibrahim et al. 1996) .
Comparison to other Parids
North American chickadees
Limited genetic studies have been conducted on North American chickadees (Gill et al. 1993 (Gill et al. , 2005 Burg et al. 2006) . The most extensive study by Gill et al. (1993) examined not only the relationship between the different Parid species, but also levels of genetic differentiation within populations using mtDNA restriction fragment length polymorphism (RFLP). Most of the North American chickadee species were included, though for several of the species (chestnut-backed, Mexican, and mountain chickadees) only two populations were sampled. With the exception of the chestnut-backed chickadee, all of the species studied by Gill et al. (1993) showed phylogeographic structure (Fig. 6.5 ). Blackcapped chickadee populations in Newfoundland contained a different set of haplotypes from those in mainland North America. Similarly, boreal chickadees in Nova Scotia and Newfoundland were genetically distinct from those in other parts of Canada and the northern United States. The only other continuous population to show phylogeographic structure is the Carolina chickadees, which exhibit an east-west division with secondary contact near the Tombigbee River (Gill et al. 1999 ). In the south-western United States and Mexico, disjunct populations of the Mexican chickadee in Arizona and Michoacan are genetically distinct (Gill et al. 1993) .
Eurasian Parids
Extensive population genetic studies of five Palaerctic Parids (Siberian tits, willow tits, great tits, blue tits, and azure tits) have been conducted with no fewer than 16 published studies in the last 15 years. Different phylogeographic patterns are found in each of these species (Fig. 6.6 ). The Siberian tit showed no evidence of genetic structure (Uimaniemi et al. 2003) . In contrast, four divergent lineages were found in the Eurasian willow tit. Six of the nine subspecies from the large, continuous northern portion of the range (Salzburger et al. 2002a ) formed a single clade while three remaining subspecies (P. m. weigoldicus, P. m. affinis, P. m. songarus) each formed a distinct clade. A similar pattern was found using the more variable mtDNA control region, though samples of P. m. weigoldicus were not included (Kvist et al. 2001) . Four great tit lineages were found across the Eurasian continent: bokharensis, cinereus, major and minor, with the major and minor groups containing multiple subspecies . The fourth Eurasian species studied, the blue tit, exhibited intermediate levels of population structure with multiple, highly divergent clades: northern Europe, southern Europe (Spain, France and Italy), Africa, and the Canary Islands (Salzburger et al. 2002b; Kvist et al. 2004) . Additional population structure exists within the Canary Islands with many islands containing closely related, but distinct, lineages (Kvist et al. 2005) . The phylogeographic study of the fifth Eurasian species, the azure tit, was limited with one to three samples from six sites (Salzburger et al. 2002b) . Two haplotypes were present, one exclusively in central and eastern Asia and the second at two sites near the extreme eastern and western ends of the range. While no clear phylogeographic structure was detected, the small number of samples precludes any definite conclusions. The study by Salzburger et al. (2002b) shows azure and blue tits are paraphyletic with Eurasian and African blue tits forming two different clades.
Many of the Eurasian species survived the last glaciation in one or more refugia. The proposed pattern of colonization ranges from simple to complex. The simplest pattern is found in the Siberian tit. It is hypothesized that this species survived in a single eastern refugium (Uimaniemi et al. 2003) . For the blue tit, a minimum of four refugia were present: Balkans, Iberian Peninsula, Africa, and Canary Islands (Salzburger et al. 2002b; Kvist et al. 2004) . As populations expanded, birds colonized the deglaciated landscape. A wide area of secondary contact between birds from the two Eurasian refugia is present in southern Europe, though it would appear that most of Europe was founded by individuals from the Balkan refugium. This is apparent not only in the geographic distribution of haplotypes from the "Balkan" clade, but also in the resulting phylogeny. The star-burst pattern of the mtDNA haplotypes indicates that a population expansion accompanied the (Gill et al. 1993; Burg et al. in press) . Each symbol represents a sampling location and genetically distinct populations are indicated by shading. The Carolina chickadee population near the Tombigbee River (white and black stripes) contains haplotypes from eastern and western lineages.
colonization from the eastern refugium (Kvist et al. 2004) . The Balkan clade contained individuals from all of the sampled Eurasian populations. No evidence of a recent expansion was found in the "Iberian" or "Canary" clades. Instead the pattern of a large number of divergent haplotypes with no one predominant haplotype, suggests that these populations are much older. The Iberian clade contains individuals mostly from Spain and France (i.e. Corsica) and some from Italy, suggesting limited postglacial dispersal. Similarly, fixed genetic differences are found between different islands in the Canary Island population. Phylogeographic reconstructions for both the willow and great tits suggest the presence of four Pleistocene refugia. For both of these species, it is hypothesized that three of the groups survived in refugium at or near their present day location. The same Balkan refugium suggested for the blue tits could have been used by the "major" group of great tits (Kvist et al. , 2004 . However, the fourth group of willow tits, containing six subspecies, may have persisted in a refugium in south-east Asia (Kvist et al. 2001; Salzburger et al. 2002a) . Genetic diversity in willow tits decreases from east to west, suggesting that postglacial colonization proceeded in a westward direction (Kvist et al. 2001) . Population structure of Eurasian species is similar in many ways to that of chestnut-backed chickadees. There is evidence of limited dispersal within continuous populations (great tit, blue tit, and willow tit), genetic isolation of island populations (blue tit and willow tit), and restricted gene flow between central and peripheral populations (blue tit). It would appear that many of the same factors influencing dispersal, and therefore population structure, in North American and Eurasian Parids are similar.
Factors influencing population genetics of Parids
In the following section, I discuss several recurring themes that are present in the patterns of population structure for both North American and Eurasian Parids (Table 6 .2), namely the role of refugia, disjunct populations, and peripheral isolation within continuous habitat.
Postglacial colonization and glacial refugia
The Pleistocene glaciations played a critical role in shaping contemporary populations in both the Nearctic and Palaearctic. Genetic studies have shown that the late Pliocene-early Pleistocene was important for Parid speciation and the late Pleistocene was responsible for creating many of the contemporary population genetic patterns. Even in unglaciated areas, environmental changes that accompanied the glaciations altered the distribution of many species. For many of the Parid species, changes in forest distribution would have altered their distribution. In Eurasia, as many as seven refugia have been proposed: the Iberian Peninsula, Balkans, Africa, Canary Islands, and at least three in Asia. Suture zones or areas of secondary contact are present in several Eurasian populations which were previously isolated in different refugia. In North America, it is reasonable, given the mtDNA data, that multiple refugia were also present; however, the location of most of these refugia is unknown. Gill et al. (1993) suggested that for boreal and black-capped chickadees one such refugium may have existed in Newfoundland. It is also probable that the distinct lineages of Carolina, mountain, and Mexican chickadees are the result of isolation in different refugia during the Pleistocene. For the chestnut-backed chickadee, microsatellite data do not conclusively support or refute the existence of multiple Pleistocene refugia. Until the source of the private alleles is determined, it is reasonable to speculate that multiple refugia were present; one large refugium in the south and at least one in the north. 
For each of the categories the presence (Y) or absence (N) of population genetic structure is given. The three main categories of population structure are isolation due to: disjunct populations, island populations, and peripheral populations within continuous habitat. The presence of genetic structure (overall) and isolation of peripheral populations (peripheral) within continuous habitat are listed separately. For some species, the category did not exist or no data was available (n/a). Azure tits are not included due to insufficient data. Only two sampling sites, both peripheral.
Disjunct populations
Genetic isolation between physically separated populations can arise through limited dispersal across large areas of unsuitable habitat. In the case of Parids, unsuitable habitat may consist of changes in forest composition, gaps in forest, large geographic distances, or water barriers.
Mainland populations
Studies of both chickadees and tits have shown that disjunct mainland populations are genetically isolated. Both the coastal and interior populations of chestnut-backed chickadees and southern US and Mexican populations of Mexican chickadees are separated by relatively arid habitat. In Eurasia, each of the four willow tit lineages occupies a different ecological niche (Salzburger et al. 2002a ). The result is that dispersal between physically isolated populations is limited among each of these three species. In the willow tit and chestnut-backed chickadees, population subdivisions are present within continuous habitat, indicating limited dispersal (Chapter 15). The habitat for the Mexican chickadee is highly fragmented and insufficient data are available to know if dispersal is limited within continuous forest fragments. Gill et al. (1993) suggested limited dispersal across water in both black-capped and boreal chickadee populations. While the chestnut-backed chickadee population on Vancouver Island (~30 km from the mainland with numerous intervening islands) is not genetically differentiated from the mainland population, the Queen Charlotte Island population (~80 km from the mainland with few islands that could connect the mainland to the archipelago) is genetically distinct. The pattern is repeated in black-capped chickadees (Newfoundland is genetically distinct from the mainland) and Canary Island blue tits (~110 km from African coast and substantial interisland distances) (Gill et al. 1993; Kvist et al. 2005) . For all three North American species (black-capped, boreal, and chestnut-backed chickadees) the lower sea levels during glacial periods would have effectively decreased the distance between islands (i.e. Newfoundland and the Queen Charlotte Islands) and the adjacent mainland, thereby facilitating dispersal. Strong trade winds are thought to have aided in the colonization of the Canary Islands by blue tits (Kvist et al. 2001) . It is not clear what is limiting dispersal as it is evident by the presence of Parids on these islands that they are capable of dispersing across water barriers. Yet on some islands, species found on the nearby mainland are absent. For example, on Vancouver Island and the nearby San Juan Islands, no black-capped or mountain chickadees are present despite suitable available habitat (Sturman 1968) . Both of these species are present on the British Columbia mainland (Campbell et al. 1997) .
Island populations
Limited dispersal within continuous habitat and peripheral populations
Several Parid species exhibit genetic structure within a physically continuous habitat; however, the isolation of peripheral populations is more prevalent in North American species, particularly those with northern distributions (e.g. blackcapped, boreal, and chestnut-backed chickadees).
Populations at the edge of a species distribution may be genetically distinct due to restricted dispersal from the core to the periphery of a species' range (Wisely et al. 2004) . This asymmetrical dispersal is due to peripheral populations containing suboptimal habitat that further restricts dispersal into the area, and limits both population size and density. In the case of the chestnut-backed chickadee, dispersal in general may be more restricted due to its linear distribution (Slatkin 1993) . Populations with linear distributions are more likely to have restricted dispersal than widespread ones for some of the same reasons that dispersal is more limited at the edge of the species range (i.e. a limited number of directions in which dispersal can occur).
Conclusions and perspectives
The population structure of chestnut-backed chickadees, and that of other Parids, appears to be complex and influenced by a variety of factors, most notably postglacial colonization and distribution. Many of the factors limiting dispersal in chestnut-backed chickadees seem to be common in other Parids. These include isolation of peripheral populations, and limited dispersal over large water barriers or other areas of unsuitable habitat. Within the northern portion of the chestnut-backed chickadee range, a large number of private alleles are present in two of the populations. Further genetic analyses are required to determine the origin of these alleles. The simplest and most probable explanation is that they resulted from prolonged isolation in multiple refugia and they are not present in other populations due to limited emigration.
